Accurate prostate delineation is essential to ensure proper target coverage and normal-tissue sparing in prostate HDR brachytherapy. We have developed a prostate HDR brachytherapy technology that integrates intraoperative TRUS-based prostate contour into HDR treatment planning through TRUS-CT deformable registration (TCDR) to improve prostate contour accuracy. In a perspective study of 16 patients, we investigated the clinical feasibility as well as the performance of this TCDR-based HDR approach. We compared the performance of the TCDR-based approach with the conventional CT-based HDR in terms of prostate contour accuracy using MRI as the gold standard. For all patients, the average Dice prostate volume overlap was 91.1 AE 2.3% between the TCDR-based and the MRI-defined prostate volumes. In a subset of eight patients, inter and intro-observer reliability study was conducted among three experienced physicians (two radiation oncologists and one radiologist) for the TCDR-based HDR approach. Overall, a 10 to 40% improvement in prostate volume accuracy can be achieved with the TCDR-based approach as compared with the conventional CT-based prostate volumes. The TCDR-based prostate volumes match closely to the MRI-defined prostate volumes for all 3 observers (mean volume difference: 0.5 AE 7.2%, 1.8 AE 7.2%, and 3.5 AE 5.1%); while CT-based contours overestimated prostate volumes by 10.9 AE 28.7%, 13.7 AE 20.1%, and 44.7 AE 32.1%. This study has shown that the TCDR-based HDR brachytherapy is clinically feasible and can significantly improve prostate contour accuracy over the conventional CT-based prostate contour. We also demonstrated the reliability of the TCDR-based prostate delineation. This TCDR-based HDR approach has the potential to enable accurate dose planning and delivery, and potentially enhance prostate HDR treatment outcome. 
| INTRODUCTION
High-dose-rate (HDR) brachytherapy has been established as an effective treatment for localized prostate cancer over the past two decades. 1, 2 Modern HDR prostate brachytherapy, utilizing the most advanced imaging and computer technology, is able to provide high levels of local and biochemical control for intermediate-to high-risk prostate cancers. [3] [4] [5] There is a consensus today that transrectal ultrasound (TRUS) guided CT-based HDR brachytherapy is most common approach for prostate HDR brachytherapy. [6] [7] [8] [9] [10] However, one of the main challenges of CT-based HDR brachytherapy is to accurately contour the prostate in CT images due to the poor soft-tissue contrast. 11, 12 We have recently developed an approach to improve the accuracy of the prostate delineation utilizing intraoperative TRUS-based prostate contour and TRUS-CT deformable registration (TCDR). 13, 14 Studies have shown that CT-based prostate contours often overestimate the prostate volumes by over 30%, due to the following issues: tendency to include portions of neurovascular bundles; poor definition of the interface between the posterior prostate edge and the anterior rectal wall; and difficulties distinguishing the lower limit of the prostate apical region because of its close proximity to the pelvic floor muscles and the poor contrast between these two soft tissues. 15 To overcome the inaccuracy of CT-based prostate contour, we propose to incorporate TRUS-based prostate contour, which has been shown to provide accurate prostate volumes. [16] [17] [18] [19] Since HDR catheter insertions are guided by intraoperative TRUS, 3D TRUS images of the prostate can be acquired in the OR, which can be easily integrated into the prostate HDR workflow. Since CT has the advantage of accurate dose calculation and HDR catheter recognition, the TRUS-based prostate contour is transformed onto the CT images using TRUS-CT image registration for dose calculation in the treatment planning. Combining the strength of the CT and TRUS, the TCDR-based HDR approach could represent a substantial improvement in terms of tumor targeting and normal-tissue sparing in prostate HDR brachytherapy.
In this report, we will describe the workflow of the TCDR-based HDR prostate brachytherapy. 20 The 3D intraoperative TRUS scan of the prostate was obtained right after the catheter insertions in the operating room and the TRUS images were used for the prostate contour. The CT scan followed the conventional CT simulation protocol for HDR treatment planning. The specific parameters of the MRI, TRUS, and CT scans are described below.
2.B.1 | MRI scan
All patients were scanned in feet-down supine position with a body coil using a 1.5T Philips MRI with a voxel size of 1.00 9 1.00 9 2.00 mm 3 . All prostates were manually segmented from the T2-weighted MR images by an experienced radiation oncologist. To evaluate the performance of the TCDR-defined prostate contour technology, we compared the TCDR-based prostate contours with MRI-defined prostate contours.
2.B.2 | TRUS scan
The patient is scanned in the lithotomy position and a series of parallel for seven patients and 0.12 9 0.12 9 2.00 mm 3 for the remaining nine patients. A radiation oncologist subsequently contours the prostate volumes using these 3D TRUS prostate images. In general, it takes 5 to 10 minutes to contour a prostate volume. Although this may be time consuming, physician's manual contour of the prostate are still the standard practice in the clinic.
2.B.3 | CT scan
For the treatment planning CT images, all patients were scanned in feet-down supine position using a Philips CT scanner (Philips Healthcare, Andover, MA, USA). The CT voxel size was 0.68 9 0.68 9 1.00 mm 3 .
YANG ET AL. Once satisfactory catheter placement has been confirmed, an iridium-192 source is used to deliver the HDR treatment.
2.D | Inter-and intra-observer reliability of TCDR-based and CT-based prostate contour
Three observers participated in an inter-and intra-observer reliability of TCDR-based and CT-based prostate contours in a subset of eight patients using Oncentra Brachytherapy planning system (Elekta, 3.B | Inter-and intra-observer reliability of TCDR-based prostate contours Figure 4 shows an example of the TCDR-based, conventional CTbased (from two observers), and MRI-defined prostate contours.
Inter-observer reliability of the prostate contours is demonstrated in TRUS-CT deformable registration is shown in Fig. 6 . Visually, the close match between the gold markers and the HDR catheters in the TRUS and CT demonstrated the accuracy of this TCDR-based method. Note that the 10% difference in Dice coefficient means that the mean surface distance between the MRI-defined and TCDRbased prostate volume is around 0.5-1.0 mm for a typical prostate with 30-60 CC volume. The max surface distance between the MRIdefined and TCDR-based prostate volume is less than 2.0 mm for all patients. We anticipate that a margin of equal or larger than 2 mm would take care of this discrepancy.
The difficulties in defining the prostate contour using CT images are well-known. 15 Many CT prostate segmentation technologies have been investigated in recent years, such as the models-based, [23] [24] [25] classification-based [26] [27] [28] and registration-based 29, 30 methods. Most of these segmentation approaches are based on the appearance and texture of the prostate gland on CT images. However, in HDR brachytherapy the frequently used metal or plastic catheters introduce considerable artifacts to the CT images. These artifacts often smear the appearance and texture of the CT prostate images; therefore, these previous methods may not work well for the prostate HDR application. The prostate volume comparisons between the CT-based and MRI-based prostate contours of our study are in agreement with previous studies. In our study, the mean volume ratio between CT-based prostate volumes and the MR-defined F I G . 5. Inter-and intra-observer reliability comparison of the prostate contours. (a1) The inter-observer CT-based prostate volume differences in three observers as compared with the gold standard MRI prostate contour; (a2) the TCDR-based prostate volume difference; and (a3) the mean TCDR-based prostate volume of 3 observers. (b1) The intra-observer CT-based prostate volume; (b2) the intra-observer TCDR-based prostate volume difference; and (b3) the mean intra-observer TCDR-based prostate volume difference.
prostate volumes ranged from 1.11 to 1.45, which is consistent with the results of 1.10 to 1.32 in the previous studies. [15] [16] [17] 31 Many studies have shown that accurate prostate volumes can be obtained with both MRI and ultrasound. 15, 19, [32] [33] [34] Traditionally, TRUS suffers from difficulties in distinguishing both the prostate apex and base, but the difficulty identifying margins may be alleviated using 3D TRUS technology. 15 For instance, determination of superior and inferior borders can be assisted using reconstructed sagittal views. In addition, the smoothness of contours between adjacent axial slices could be improved, permitting observers to view reconstructed sagittal and coronal images. MR prostate imaging suffers from a lack of signal from cortical bone and image distortion near tissue-air interface and fatty tissue, the soft-tissue discrimination in MR images highly dependent on sequence. Our results show the mean ratios between TRUS-base and MR-defined prostate volume is about 1.04, which is consistent with the ranges (from 1.05 to 1.10) in the previously published studies.
In this study, we demonstrated that a 10 to 40% improvement in prostate volume accuracy could be achieved with the TCDR- There are several limitations to this study. First, it is the small number of patients. Nevertheless, we were able to demonstrate the significant improvement of the TCDR-based prostate contour over the conventional CT-based approach. Second, the diagnostic MR 
